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Ultracold neutrons (UCNs) are a useful tool for fundamental physics experiments. They
can be used to probe the lifetime of free neutrons, search for new CP violating processes and
exotic interactions beyond the Standard Model, perform Ramsey spectroscopy, and carry out
neutron-optical interference experiments. All of these experiments require high neutron count rates
for good statistics. For optimal exploitation of experimental beam time, these experiments need
to be prepared and, at times, even simulated in advance. To this end, it is crucial to know the
velocity-dependent UCN flux at each beam position. Knowing the absolute neutron flux also allows
for an absolute calibration of previously gathered data. Using the same time-of-fight experimental
setup, we have measured the differential neutron flux of three out of the four UCN beam ports at
the PF2 instrument at Institut Laue–Langevin, Grenoble. These beam ports are commonly used
for UCN flux experiments and proof-of-principle tests.
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I. INTRODUCTION
Many fundamental physics experiments use ultracold
neutrons (UCNs). These are neutrons with a kinetic en-
ergy low enough to be confined in material bottles or
magnetic traps, typically . 300 neV (v < 7.6 m/s) [1, 2].
This property allows for long observation times and
makes UCNs particularly interesting for three types of
experiments: storage experiments determining the life-
time of the free neutron, the search for a non-zero electric
dipole moment of the neutron (nEDM), and constrain-
ing dark matter candidates [3]. UCNs are also frequently
used in transmission experiments [4] as well as low-energy
experiments that probe gravitation on the micrometer
scale [5, 6] and neutron-optical phenomena [7].
Various UCN converters are operational throughout
the world. The oldest such converter, and by far the
most often used for fundamental physics research until
the present, is the UCN “Turbine” (instrument PF2) at
the Institut Laue–Langevin [8, 9] with its four UCN beam
ports. It slows very cold neutrons (VCN) down to UCN
energies by reflecting them off receding polished metal
blades exploiting the Doppler effect. The design of the
Turbine favors experiments requiring a high UCN flux
over those requiring a high UCN density.
II. PREVIOUS MEASUREMENTS
Steyerl et al. carried out UCN flux (also called current
density) and density measurements after the Turbine had
∗ Corresponding author Stefan Doege: stefan.doege@tum.de
been installed [9, 10]. In these experiments, both flux
and density inside the Turbine vessel were determined.
However, no systematic measurement has yet been taken
of the UCN flux available outside the vessel at the four
PF2 beam ports (MAM, UCN, EDM, TEST), nor have
these beam ports been compared with one another.
In 1999, the group led by A. V. Strelkov from JINR
Dubna (Russia) measured the neutron density of the
EDM, UCN, and MAM beams using a spherical copper
storage vessel with a volume of 27 liters (vCucrit = 5.7 m/s)
and a pinhole exit [11]. Unfortunately, these data were
never published.
Recently, a standardized steel storage vessel with a
neutron-optical potential of 188 neV (vsteelcrit = 6.0 m/s)
on the inside walls was used to measure the UCN density
at one neutron beam port of the Turbine (PF2-EDM).
The neutron densities at the exits of other UCN con-
verters, based on solid deuterium and liquid helium as
conversion media, were measured using the same storage
vessel and then compared with one another [12].
Many experiments, especially long-term experiments,
will benefit from the data of the velocity-dependent UCN
fluxes at the Turbine’s beam ports [dataset] [13]. This
data will facilitate the simulation and preparation of ex-
periments before the setup is installed at the Turbine
for its allocated beam time. The data will also serve as
a retroactive calibration standard for past experiments
and as a reference for future instrument upgrades.
III. THE EXPERIMENTAL SETUP
For the comparative measurement of neutron spectra,
the UCN ports of the Turbine were equipped with beam
ar
X
iv
:2
00
1.
04
53
8v
1 
 [p
hy
sic
s.i
ns
-d
et]
  1
3 J
an
 20
20
2tube configurations that are often used by experimenters,
see Fig. 1. The beam port PF2-MAM was permanently
occupied by the long-term experiment “Gravitrap” [14]
and thus its spectrum could not be measured.
For safety reasons, the vacuum in the Turbine’s beam
guides is separated from the Turbine vacuum by a 100 µm
thick AlMg3 foil. The neutron guides between the safety
foil of the Turbine and the chopper were standard NiMo-
coated electropolished stainless steel tubes of various
lengths and with outer diameters as indicated in Fig. 1.
The tubes all had a wall thickness of 2 mm. Their trans-
missivity was measured to be 95% per meter for the UCN
spectrum of the Turbine.
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FIG. 1. Beam tube configurations used for comparing the
flux of the three Turbine beam ports PF2-TEST, PF2-EDM,
and PF2-UCN with one another. The Turbine’s safety foil is
indicated as “Al foil”. For each beam tube, the length L and
outer diameter ∅ are given in millimeters.
Connected to the last steel guide tube was an UCN
chopper similar to the one developed by Lauer [15] but
with 1 mm thick titanium grids, a NiMo-coated glass
tube of 80 mm inner and 90 mm outer diameter, and
a Cascade neutron detector [16], which together consti-
tuted the time-of-flight (TOF) geometry of this experi-
ment. The transmissivity of the glass tubes for neutrons
in the UCN range was 87% per meter, and the neutron
flight path had a length of dTOF = 458 mm. As the neu-
tron beam was uncollimated, the TOF method measured
the neutrons’ velocity component along the beam axis,
vz. All spectra were measured at the height of the Tur-
bine exits and without any bends in the neutron guides.
The absolute efficiency of the Cascade detector was
determined to be 34±5% [17, 18] across the Turbine’s
neutron spectrum. This value, together with the beam
tubes’ transport efficiencies, and the chopper’s duty cy-
cle of 3.94% and geometric opening of 36% allowed the
measured UCN transmission to be extrapolated back to
the position of the aluminum safety foil and the absolute
differential neutron flux φ(v) at the Turbine’s beam ports
to be obtained. All in all, the beamline and TOF setup
reduce the usable number of UCNs to about 0.5% of the
original flux at the position of the safety foil.
All measurements were carried out at a thermal reactor
power of 55.8±0.2 MW and with the Turbine operating in
time-sharing mode. This means that after each measure-
ment run of 120 s, the neutron switch could be requested
by users on another beamline. To ensure equal back-
ground conditions at each measurement run, the mea-
surement was only started after the beam guide had been
filled with neutrons for 12 s.
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FIG. 2. Comparison of the Turbine’s differential neutron
fluxes φ(v) at the beam ports PF2-UCN, PF2-EDM, and PF2-
TEST at the position of the respective safety foil. Of the error
bars, a systematic error of 15% is due to the uncertainty of
the absolute Cascade detector efficiency for UCNs. The peak
velocities can be calculated using Eq. 5 and the respective
spectral temperature from Tab. I. Some error bars have been
removed for better legibility.
3TABLE I. Neutron densities N , fluxes Φ, and temperatures T extracted from the Maxwell–Boltzmann (MB) fits and the
real experimental spectra of the beam ports PF2-UCN, PF2-EDM, and PF2-TEST. The uncertainty indicated for the data
in column 1 is the fit error. The fit error for the temperature in column 2 is of the order of 10−2 mK. All experimental
data have a relative systematic uncertainty of ±15%, which stems from the uncertainty of the neutron detector’s detection
efficiency. Statistical errors are negligible compared to the systematic errors. The critical velocities are vsteelcrit = 6.0 m/s and
vNi-58crit = 8.1 m/s.
Name of Tot. UCN density Spectral Integral neutron Integral neutron Tot. UCN density N
(
vsteelcrit
)
N
(
vNi-58crit
)
beam port N0 [cm−3] temp. T [mK] flux Φ [cm−2s−1] flux Φ [cm−2s−1] N0 [cm−3] [cm−3] [cm−3]
Maxwell–Boltzmann fit Experimental
PF2-UCN 61.0± 0.1 2.6 44,800 41,135 49.3 10.4 26.1
PF2-EDM 50.1± 0.1 2.8 38,400 36,307 43.3 9.87 22.4
PF2-TEST 3.86± 0.01 3.0 3,060 2,928 3.37 0.69 1.62
IV. EXPERIMENTAL RESULTS AND
CALCULATIONS
The Turbine ports’ neutron spectra, which extend be-
yond the UCN range into the VCN energy range, are
shown in Fig. 2. They were corrected for detector effi-
ciency and chopper duty cycle, and extrapolated back to
the position of the Turbine’s safety foil.
The measured differential neutron flux φ(v) (in units
of cm−3) from Fig. 2 can be well approximated by a
Maxwell–Boltzmann (MB) distribution fMB(v) for the
neutron density N(v) = N0 × fMB(v), where φ(v) =
N(v)× v, and thus
φ(v) = N04pi
( mn
2pikT
)3/2
v3 × exp
(
mnv
2
2kT
)
. (1)
In Eq. 1, N0 represents the total neutron density (in units
of cm−3) over the entire spectrum, mn the neutron’s
mass, k the Boltzmann constant, T the temperature of
the Maxwell–Boltzmann shaped neutron spectrum, and
v the neutron velocity. fMB(v) is normalized to unity, in
other words, ∫ ∞
0
N(v)dv = N0. (2)
By integrating Eq. 2 not over the entire spectrum but
rather over an arbitrary velocity range, e.g. from 0 m/s
to vcrit, the neutron density N(vcrit) over that range can
be calculated. Here,
vcrit =
√
2Uopt
mn
, (3)
where Uopt is the neutron-optical potential of a given
material [1, 2]. When calculating the neutron density
inside an UCN storage bottle, Uopt is determined by the
storage bottle’s inner wall coating, to which the neutrons
are exposed. Materials of choice are often steel, copper,
nickel, diamond-like-carbon (DLC), or fomblin grease.
The data from Fig. 2 have been fitted with the func-
tion φ(v) = N(v) × v , see Eq. 1, over the velocity in-
terval (6 m/s,∞). From this fit, the total neutron den-
sities N0, temperatures T , and integral neutron fluxes Φ
shown in Tab. I could be extracted. It must be noted,
however, that the experimental data for v < 6 m/s lie
lower than the MB-based fit and the fit, therefore, over-
estimates to some extent both the integral neutron flux
and the total neutron density of the spectrum. This is
due to the critical velocity of both the aluminum safety
foil and the aluminum entrance window of the Cascade
detector (vAlcrit = 3.2 m/s), which prevent the slowest neu-
trons from exiting the Turbine into the beam guide and
entering the detector. However, the rest of the spectrum
agrees remarkably well with the MB fit, as demonstrated
by the minuscule fit error of the total neutron density
shown in Tab. I.
The peak of the differential neutron flux is found at
φ(v∗) in Fig. 2, while the most probable velocity of the
Maxwell-Boltzmann spectrum is found at fMB(vˆ). Both
are related to each other by
v∗ =
√
3
2 vˆ, (4)
which can easily be demonstrated by calculating the first
derivatives ∂/∂v of both distributions.
Using the relation
vˆ =
√
2kT
mn
, (5)
one can convert the temperature of the neutron spectra,
see Tab. I, into each spectrum’s peak velocity vˆ, and also
rewrite Eq. 1 as
φ(v) = N0
4√
pi
×
(v
vˆ
)3
× exp
(
−
[v
vˆ
]2)
. (6)
Calculated for the neutron flux peak φ(v∗) using the
relation from Eq. 4, Eq. 6 simplifies to
φ(v∗) = N0
4√
pi
(3/2)3/2×exp(−3/2) = N0×0.9251. (7)
The total neutron density N0 of a MB distributed neu-
tron spectrum is thus related to the peak of the differen-
tial flux by a simple scaling factor.
4The integral neutron flux Φ (in units of cm−2×s−1) of
the spectrum up to a critical velocity vcrit can be calcu-
lated by integrating Eq. 6
Φ =
∫ vcrit
0
N(v)× vdv = N0
∫ vcrit
0 f
MB(v)× vdv∫ vcrit
0 f
MB(v)dv︸ ︷︷ ︸
〈v〉
, (8)
with the analytical solution of the integral in the numer-
ator equal to
vˆ× 2√
pi
×
(
1−
[
1 +
(vcrit
vˆ
)2]
× exp [−(vcrit/vˆ)2]) , (9)
and the solution of the integral in the denominator being
erf
(vcrit
vˆ
)
− 2√
pi
×
(vcrit
vˆ
)
× exp (−[vcrit/vˆ]2) . (10)
Eq. 8 is tantamount to calculating the mean velocity
〈v〉 of the velocity distribution and multiplying it by the
total neutron density. This is exactly the definition of
the integral neutron flux Φ.
For a perfect MB distribution, the weighted mean ve-
locities 〈v〉 from the aluminum cut-off (3.2 m/s) to the
steel cutoff (6.0 m/s) are 4.74 m/s for the PF2-UCN
beam, 4.75 m/s (PF2-EDM), and 4.76 m/s (PF2-TEST).
The weighted mean velocities extracted from the exper-
imental spectrum are 5.13 m/s for the PF2-UCN beam,
5.01 m/s (PF2-EDM), and 5.04 m/s (PF2-TEST). They
lie slightly higher than the velocities from the MB fit due
to the aluminum cut-off of the slowest UCNs. At the
aluminum safety foil, even UCNs slightly faster than the
critical velocity of aluminum are reflected if they impinge
on the foil at an angle other than 90°. The roughness of
the aluminum foil also has an effect on the transmission
of UCNs [18, 19].
Tab. I shows the values for neutron densities (total and
up to the critical velocities of steel and Ni-58), fluxes, and
temperatures of the measured spectra of the beam ports
PF2-UCN, PF2-EDM, and PF2-TEST as extracted by
1. Maxwell–Boltzmann (MB) fits using the mathe-
matical relations explained above
2. numerical integration and direct extraction from
the experimental data.
It is easy to see that both the beam ports PF2-UCN
and PF2-EDM provide comparable UCN densities. Both
are thus equally suitable for UCN storage experiments.
The UCN density up to the critical velocity of steel
vsteelcrit at the EDM beam port (outside the Turbine),
9.87±1.48 cm−3, is about a factor of two larger than the
density of 4.61± 0.02 cm−3 measured in a storage exper-
iment for a similar beamline configuration, including the
aluminum safety foil, as reported by Ries et al. [12]. The
difference might be due to differences in the UCN trans-
port and detection efficiencies between these two types
of experiments.
Steyerl et al. [9] reported the UCN density up to
6.2 m/s inside the Turbine to be 87 cm−3 as derived
from TOF data and to be 36 cm−3 as measured with
an iron storage bottle. Here, again, the neutron density
measured by the TOF method lies about a factor of two
higher than the density measured with a storage bottle.
V. CONCLUSIONS
Using the same experimental equipment, we have mea-
sured and compared the differential neutron fluxes at
three out of the four beam ports of the UCN Turbine at
the Institut Laue–Langevin. From these data, we were
able to calculate the integral neutron fluxes and extract
the total neutron densities up to any arbitrary critical
neutron velocity vcrit. Our measured values for the PF2-
UCN and PF2-EDM beams indicate that both have a
similar UCN density below the steel cut-off (6.0 m/s)
of 10.4 cm−3 and 9.87 cm−3, respectively. These are in
line with earlier measurements of the UCN density inside
the Turbine vessel. The density of UCNs below the steel
cut-off at the PF2-TEST beam is 0.69 cm−3. These are
the first published comparative neutron density measure-
ments outside the Turbine.
The experimental results for this paper were produced
as part of the Ph.D. theses of Stefan Döge [18] and Tobias
Rechberger [20].
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